The reduction of platinum-loading on the cathode side of polymer-electrolyte fuel cells leads to a poorly understood increase in mass-transport resistance (MTR) at high current densities.
Introduction
Polymer-electrolyte fuel cells (PEFCs) are promising candidates as energy-efficient power sources for transportation applications due to their outstanding volumetric and gravimetric power and energy densities compared to state-of-the-art lithium-ion batteries. However, their cost is still prohibitive, and thus there is a strong need to reduce the expensive platinum catalyst loadings. A target of 0.125 g PGM /kW was set by the U.S. Department of Energy by the year 2020. [1] Regrettably already for loadings below 0.10 mg Pt /cm² at the cathode side, the performance suffers quite drastically due to a poorly understood local resistance, which is thought to be related to an increased local mass-transport resistance (MTR), although other causes have been proposed as well. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In terms of physical interpretation, the MTR represents the local resistance of a reactant molecule towards reaching an active reaction site, which becomes more significant as the number of reaction sites decrease but the desired overall reaction rate remains the same.
The concept of the local MTR has gained acceptance as several studies seem to suggest that there could be such a resistance through the ionomer thin-film or at the interface of ionomer and electrocatalyst, and which is linearly related with the inverse of the roughness factor ( ).
Based on an agglomerate model, Greszler et al. [2] have concluded that this resistance cannot be explained by pure geometrical inhomogeneity, which was reviewed in detail from an ionomer point of view by Weber and Kusoglu. [3] It is therefore believed that this resistance is due to an intrinsic property of the ionomer thin-film, which differs from the bulk property and/or the interfacial resistance of the Pt/ionomer interface. [2-4, 7, 10, 14-19] As imaging of the ionomer and polymer based analysis/spectroscopy is difficult and mostly only possible ex situ, the direct quantification of this resistance in situ or operando is of high interest, especially for fast characterization of the various membrane-electrode assemblies (MEAs) comprised of membrane and anode and cathode catalyst layers (CLs). [4] 3 The MTR can be measured by limiting current as it is related primarily to local mass transport.
The traditional technique of oxygen limiting-current makes this complicated by various factors including concomitant water production, possible existence of surface oxides, as well as heat generation and related effects due to the inefficiency of the oxygen-reduction-reaction, etc. [8] Recently, a limiting-current based on a hydrogen-pump setup has been tried, which alleviates many of the issues with respect to oxygen limiting-current, but the direct applicability of the measurement towards PEFCs under operation is unknown. [20] In this study, we examine whether the MTR by hydrogen limiting-current experiments can be correlated to the overall performance loss in H 2 /air polarization curves, thereby affirming that diffusion or mass-dependent processes govern the observed performance losses with low Ptloadings.
Theory
If the MTR is dominated by a traditional diffusion-like mass-transport step, one expects that the resistance, , which is inversely related to the diffusion coefficient, D, will vary as a square root dependence on molecular weight, M, of the diffusing gas,
Even though the hydrogen limiting-current experiments were executed in a gas mixture containing 1000 ppm H 2 in Ar, it is assumed that unimolecular diffusion of hydrogen dominates and one can determine the total hydrogen-gas resistance, , 2 , using a Fickianderived expression
where is the limiting-current density, F is the Faraday's constant, and 2 , is the concentration of hydrogen in the flow field, which is calculated based on the ideal-gas law 4 using the universal gas constant � and the molar flow of hydrogen fed ̇2 , and consumed
The measured mass-transport resistance for hydrogen , 2 can be divided up into 3 portions assuming resistances in series for the gas species to reach the catalyst site [2] ,
where R GDL corresponds to the pressure dependent resistance in the gas diffusion layer (GDL).
This resistance includes both Knudsen and molecular diffusion within the pores of the GDL. n corresponds to the numbers of stacked GDLs, , refers to the pressure dependent portion of the MTR of the CL within the pores (including both Knudsen and molecular diffusion), is the measured catalyst roughness factor (cm accounts for the local MTR, which is nominally loading independent. This additional resistance is seen to be caused by the ionomer thin-film and/or its interface with the catalyst. The interfacial resistance of the ionomer towards the gas-phase is not explicitly incorporated herein which was chosen as the sorption resistance at elevated temperatures and relative humidity (RH) is minor compared to the local MTR close to the catalyst surface and is therefore presumed to have no impact on the correlation of H 2 -based MTR evaluation and the corresponding polarization performance in the H 2 /air set-up.
The reduced reactant concentration over the catalyst leads to an increasing overpotential at high current densities ∆ . MTR induced losses are calculated based on equation (5) 
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The bracket on the right represents the ratio of reactant gas at the catalyst surface to provided reactant 2 , ℎ . and are the transfer coefficient and oxygen-reduction-reaction reaction order, respectively; the values from Zihrul et al. [21] are taken for the calculations herein (1 and 0.54, respectively).
Assuming that the mass-transport is a diffusion process without any noticeable sorption effects, the ratio of MTR for hydrogen and oxygen corresponds to the ratio of the square root of their molecular-masses � √32 √2 = 4� leading to
This correlation between the H 2 -based MTR and the oxygen MTR is perhaps not valid for interfacial resistances as sorption effects unless they follow the same mass dependence. As shown later, the assumption of a diffusion process being the cause of the increased MTR holds true which makes equation 6 a feasible approximation of the overpotential caused by the MTR.
Besides the correction for the mass-transport loss, already established iR-corrections used in literature were performed as well to correct for contact and ionic resistances within the membrane and CL ionomer of the working (WE) and counter electrode (CE). Their determination was carried out using the approaches described by Neyerlin et al. [22] 
Experimental
MEAs were fabricated by decal transfer of a CE CL with a loading of 0.40 mg Pt /cm² and a varying WE CL with a loading of 0.03 to 0.40 mg Pt /cm² (I/C = 0.75) on a commercial Nafion® NRE212 membrane. [23] The CL was coated out of an ink consisting of DE2020CS were stacked at the WE to subtract the MTR caused by the GDL by a linear-extrapolation method. [20] Limiting-current experiments were executed by measuring the equilibrium current at 0.35 V at 80 °C, 90 % RH with a backpressure of 107 kPa abs and 170 kPa abs to determine the pressure dependent MTR (see reference [20] for more details and cell setup).
Hydrogen/air polarization curves were recorded using a 5 cm² cell (Fuel Cell Technologies) and a Scribner 850e fuel cell test stand. The voltage was varied between OCV and 0.2 V in 100 mV increments using purified air and H 2 (420 and 200 cm 3 /min, respectively) at 140 kPa abs , 80 °C and 90 % RH. Herein one layer of SGL® Sigracet 25 BC was used as GDL to improve the gas and water distribution. The resistance of the GDL was incorporated into the polarization loss correction of equ. (6) using the value obtained by Spingler et al. [20] Impedance measurements needed for the iR-corrections following Liu et al. [25] were recorded using a Biologic VSP3 potentiostat at OCV in potentiostatic mode using a perturbation of 5 mV.
As the local MTR is measured in a set-up that is significantly differing from the H 2 /air polarization set-up in terms of ohmic losses and MTR caused by GDL, a deconvolution of 7 every resistive term is necessary using the methods detailed in the theoretical and experimental part herein. Table 1 can be explained by over-heating of the catalyst during standard oxygen limiting-current experiments, which will inevitably lead to an underestimation of the local MTR.
Results and Discussion
The impact of the correction and applicability of the hydrogen-based MTR is shown further in Figure 2 comparing the power density curves for the different MEAs. While the raw data (a)
show substantial differences, after iR-corrections (b) those differences become small but they still clearly exhibit deviations, even at rather low current densities. When comparing the power densities obtained after iR-and MTR-correction (c), those differences tend to vanish.
For the case of the 0.03 mg Pt /cm² CL, the MTR-correction leads to a total vanishing of peak performance showing that the decaying arc for high current densities in Figure 2 b) is caused solely by a diffusive or at least molecular-mass dependent MTR. The deviation of the 0.15 mg Pt /cm² CL at high current densities reveals that the correction is not perfect. It is presumed that at such high current densities the impact of water production on the MTR is becoming significant, which is especially crucial for thick CLs as in case of the 0.15 mg Pt /cm² CL. This also highlights the fact that issues such as water and heat production require further study as it impacts performance at the local scale (e.g., water-film formation). Nevertheless, the good agreement demonstrates that the correction for MTR is successful.
Conclusion
The concept of a local resistance leading to enhanced polarization losses in low Pt-loaded polymer-electrolyte fuel cell (PEFC) membrane-electrode assemblies (MEAs) is established in the literature, although the exact cause is unknown. In this article, we have demonstrated that this resistance is a mass-transport resistance (MTR), which follows a diffusion-type mass 9 dependence. Furthermore, it is shown how a facile hydrogen-pump experiment can be easily employed to quantify this effect, thereby ruling out activation processes, water production, oxide effects, possible peroxide formation, and enhanced heat generation during oxygen limiting-current experiments at low potentials. However, such effects do seem to exist at least partially at higher operating current densities. The use of the hydrogen-pump technique allows for rapid characterization of MEAs and further analysis of the limiting steps during PEFC operation. After iR-and "hydrogen-based" MTR-corrections, the remaining resistances in the polarization-curve prediction are due to kinetic limitations (approximated by Tafelbehavior) and operation dependent "water-production-caused" MTR. Future work will need to examine the influence of temperature, humidity and related variables on the MTR, and focus on the optimization of the Pt/ionomer interface and ionomer properties to enhance Ptutilization and decrease the MTR. 
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